The nitrogen-fixing symbiosis between rhizobia and legume plants is a model of coevolved nutritional complementation. The plants reduce atmospheric CO 2 by photosynthesis and provide carbon compounds to symbiotically associated bacteria; the rhizobia use these compounds to reduce (fix) atmospheric N 2 to ammonia, a form of nitrogen the plants can use. A key feature of symbiotic N 2 fixation is that N2 fixation is uncoupled from bacterial nitrogen stress metabolism so that the rhizobia generate ''excess'' ammonia and release this ammonia to the plant. In the symbiosis between Sinorhizobium meliloti and alfalfa, mutations in GlnD, the major bacterial nitrogen stress response sensor protein, led to a symbiosis in which nitrogen was fixed (Fix ؉ ) but was not effective (Eff ؊ ) in substantially increasing plant growth. Fixed 15 N2 was transported to the shoots, but most fixed 15 N was not present in the plant after 24 h. Analysis of free-living S. meliloti strains with mutations in genes related to nitrogen stress response regulation (glnD, glnB, ntrC, and ntrA) showed that catabolism of various nitrogen-containing compounds depended on the NtrC and GlnD components of the nitrogen stress response cascade. However, only mutants of GlnD with an amino terminal deletion had the unusual Fix ؉ Eff ؊ symbiotic phenotype, and the data suggest that these glnD mutants export fixed nitrogen in a form that the plants cannot use. These results indicate that bacterial nitrogen stress regulation is important to symbiotic productivity and suggest that GlnD may act in a novel way to influence symbiotic behavior.
The nitrogen-fixing symbiosis between rhizobia and legume plants is a model of coevolved nutritional complementation. The plants reduce atmospheric CO 2 by photosynthesis and provide carbon compounds to symbiotically associated bacteria; the rhizobia use these compounds to reduce (fix) atmospheric N 2 to ammonia, a form of nitrogen the plants can use. A key feature of symbiotic N 2 fixation is that N2 fixation is uncoupled from bacterial nitrogen stress metabolism so that the rhizobia generate ''excess'' ammonia and release this ammonia to the plant. In the symbiosis between Sinorhizobium meliloti and alfalfa, mutations in GlnD, the major bacterial nitrogen stress response sensor protein, led to a symbiosis in which nitrogen was fixed (Fix ؉ ) but was not effective (Eff ؊ ) in substantially increasing plant growth. Fixed 15 N2 was transported to the shoots, but most fixed 15 N was not present in the plant after 24 h. Analysis of free-living S. meliloti strains with mutations in genes related to nitrogen stress response regulation (glnD, glnB, ntrC, and ntrA) showed that catabolism of various nitrogen-containing compounds depended on the NtrC and GlnD components of the nitrogen stress response cascade. However, only mutants of GlnD with an amino terminal deletion had the unusual Fix ؉ Eff ؊ symbiotic phenotype, and the data suggest that these glnD mutants export fixed nitrogen in a form that the plants cannot use. These results indicate that bacterial nitrogen stress regulation is important to symbiotic productivity and suggest that GlnD may act in a novel way to influence symbiotic behavior. P lants are unable to assimilate atmospheric N 2 as a nitrogen source, but some can interact productively with nitrogenfixing bacterial symbionts, and through the symbiosis they can acquire nitrogen in a form they can metabolize. Nitrogen-fixing symbiotic interactions between rhizobia and leguminous plants are particularly important in agricultural and natural ecosystems (1) (2) (3) (4) . In the legume symbiosis, the exchange of carbon compounds for nitrogen occurs in root nodules, organs that develop after infection of plant roots by free-living rhizobia. Invasion of the root and development of nodules are controlled by signals exchanged between the plant and bacteria as the infection proceeds (5, 6) . This communication allows the interaction to be specific and coordinates symbiotic metabolism (7) .
Why do symbiotic bacteria fix nitrogen? Nitrogen fixation is energetically expensive, both because it requires a large amount of ATP and reductant and because sophisticated biochemistry is needed to support the nitrogenase reaction (8) . To deal with nitrogen stress, free-living bacteria generally induce nitrogen fixation only when other options to obtain combined nitrogen, such as catabolizing nitrogen-containing compounds, are not available (9) . A different logic must govern symbiotic nitrogen fixation because, in symbiosis, the bacteria also generate enough ammonia to meet the much larger needs of the plant (10) . Because nitrogen-fixing symbiotic relationships are very important in the global nitrogen economy, a better understanding of how symbiotic nitrogen metabolism is organized could have major ecological and agronomic consequences.
In many bacteria, the nitrogen stress response is controlled by a signal cascade, which uses protein modification to transcriptionally and posttranslationally regulate nitrogen assimilation enzymes (9, 11, 12) . The synthesis and catabolism of nitrate, amino acids, amino sugars, and other types of fixed nitrogen are typically regulated by the presence of the specific compounds and the general state of nitrogen metabolism in the cell. So, for example, the main assimilatory pathway for ammonium involves induction of the AmtB ammonium transporter and glutamine synthetase (GS), which incorporates ammonium into the amino acid glutamine. Nitrogen can then be transferred from glutamine to other nitrogen-containing compounds. The most important sensor of bacterial nitrogen status is thought to be GlnD, a uridylyltransferase and uridylyl cleavage enzyme that initiates the bacterial nitrogen stress response when the ratio of glutamine to ␣-ketoglutarate is low (9, 11, 12) (Fig. 1) . GlnD modifies two PII proteins, GlnB and GlnK, by adding or removing UMP; the interaction of the PII proteins with other nitrogen stress response-regulated proteins depends on the extent of the modification (11, 12) . For example, when nitrogen is abundant, unmodified GlnK binds to AmtB and inhibits ammonium uptake (13) , and unmodified GlnB interacts with the GlnE adenylyltransferase, causing it to posttranslationally inhibit ammonia assimilation by adding AMP to GS. When nitrogen is limiting, the modified PII proteins do not inhibit AmtB or assimilation. GlnB-UMP also leads to phosphorylation of NtrC, the response regulator of a two-component regulatory system. NtrC-P activates transcription of genes responsible for catabolizing various nitrogen-containing compounds to release ammonium.
In this study, we report the isolation and characterization of Sinorhizobium meliloti mutants affected in nitrogen stress response regulation. Our results indicate that mutations that delete the N-terminal region of GlnD disrupt proper nitrogen exchange in the S. meliloti-alfalfa symbiosis, leading to a nitrogen-fixing but ineffective symbiosis.
Results and Discussion
Isolation of Rm1021 glnD and glnB Mutants. While screening S. meliloti Rm1021 transposon insertion mutants for altered phenotypes related to electron transport and carbon metabolism (14) , we isolated two mutants with transposon insertions in glnD. glnD insertion mutations have been isolated in other rhizobia (15) but, because Rudnick et al. (16) were unable to construct a glnD deletion mutant in S. meliloti and had suggested that glnD was an essential gene, we had not expected to find these mutants. The phenotypes of the two mutants were different. TcW1 formed white colonies on 2,3,5-triphenyltetrazolium chloride (TTC) plates containing 0.2% lactate and 0.02% glutamate, indicating altered electron flow from the NADH-ubiquinone oxidoreductase respiration complex, whereas I12-B50 stained very strongly with KI/I 2 , indicating higher than normal starch/ glycogen accumulation. TcW1 does not stain strongly with KI/I 2 , and I12-B50 does not produce white colonies on TTC, so these glnD mutants almost certainly have partial activity. GlnD has several distinct domains (17) (Fig. 2) . The Tn5 insertion in TcW1 removes the first 70 aa from the protein and may affect the N-terminal uridylyltransferase domain. The insertion in I12-B50 splits GlnD more evenly, potentially generating an N-terminal GlnD protein with uridylyltransferase and phosphohydrolase activities and a C-terminal protein with the amino acid sensing ACT domains.
Construction of Rm1021⌬glnD-sm2, Rm1021⌬glnB, and Rm1021⌬ntrA (rpoN) Deletion Mutants. Because the Tn5 in TcW1 complicates further genetic manipulations, we generated Rm1021⌬glnD-sm2, an in-frame deletion that removed the first 70 aa of glnD (Fig. 2 , supporting information [SI] Fig. S1 ). At the same time, we tried to delete all of glnD but, like Rudnick et al. (16) , we failed. This suggested that our ability to isolate the ⌬glnD-sm2 mutation was due to the type of mutation and not some difference between our Rm1021 isolate and that of Rudnick et al. (16) . A ⌬glnB mutation, GMI3107, was previously constructed in a Rif R derivative of S. meliloti Rm2011, GMI708, and this strain had a phenotype in which the bacteria fixed nitrogen but were not effective in supporting plant growth (Nif ϩ Eff Ϫ ) (18) . To analyze additional nitrogen stress response regulatory mutations in an isogenic S. meliloti Rm1021 background, we constructed mutants with in-frame glnB and ntrA deletions, Rm1021⌬glnB and Rm1021⌬ntrA (Fig. S1 ). Fig. 3a) . The shoot mass of the plants nodulated by either mutant was significantly lower than that of plants nodulated by Rm1021, and the leaves were yellow. Although nitrogen starvation of plants nodulated by Rm1021⌬glnD-sm2 or TcW1 was pronounced, the plants had many large pink nodules on their roots, unlike the small white nodules usually induced by nonfixing strains. The nodules were relatively uniform and appeared to be formed at a normal rate, although they seem to senesce earlier.
Nodules induced by Rm1021⌬glnD-sm2 had approximately 75% of wild-type nitrogenase (acetylene reduction) activity per milligram of nodule. This represents a large commitment of resources to nitrogen fixation because these plants had many more nodules and were much smaller than those nodulated by Rm1021. Incorporation of 15 N derived from 15 N 2 into plant material confirmed that the acetylene reduction assay was measuring nitrogen fixation (Fig. 3b) . Plants nodulated by the other glnD::Tn5 mutant we isolated, I12-B50, were not nitrogen starved. Under these conditions, plants nodulated with the ⌬glnB mutants of both Rm1021 and Rm2011 also fixed less nitrogen and grew less than those nodulated with wild-type, but the differences were smaller, and the leaves of the plants were green (Fig. 3a) . In this experiment and others, we did not observe the pronounced Nif ϩ Eff Ϫ phenotype shown previously (18) for the Rm2011⌬glnB deletion mutant GMI3107. This may be due to differences in growth conditions, plant hosts, or pseudoreversion in our isolate of GMI3107, in which we confirmed the ⌬glnB deletion.
What Is the Fate of the Nitrogen Fixed by Rm1021⌬glnD-sm2 or TcW1
Mutants? The data above showed that nodules formed by the mutant bacteria fixed nitrogen but that the plants were unable to use it for growth. Conceivably, the fixed nitrogen could be stored in the bacteria as ammonium, amino acids, polyamines, protein, or nitrogen storage polymers. Nitrogen might also be assimilated into compounds that alfalfa can not metabolize so that, even if they were exported to the plant, they would not be substrates for growth. Alternatively, the mutant might interfere with the plant's ability to assimilate nitrogen by releasing an inhibitor. However, when urea (2 mM) was added to alfalfa nodulated by Rm1021⌬glnD-sm2, the plants recovered noticeably within a few days (data not shown). Urea is not assimilated by the same route as the amino acids normally transported from the nodules, so this result implied that the Rm1021⌬glnD-sm2 nodules were not actively inhibiting plant growth.
To explore the fate of 15 N incorporated during a 2-h labeling period, the label was followed over the succeeding 24 h by measuring the presence of 15 N in nodules, roots, and shoots. From the data on 15 N accumulation in the shoots at 2 h and 5.5 h after labeling (Fig. 4 , tabulated in Table S1 ), we conclude that 15 N was leaving the mutant nodules, and this export seems to be more rapid than in the wild-type nodules. However, the 15 N levels in nodules, roots, and leaves of plants nodulated by Rm1021⌬glnD-sm2 were very low after 24 h. From the values included in Table S1 , we calculate that more than 90% of the total 15 N fixed was lost from the plants (nodules, roots, and leaves) nodulated with Rm1021⌬glnD-sm2 after the 24-h incubation, probably as root exudates.
Free-Living Phenotypes of Rm1021 glnD, glnB, rpoN, and ntrC Mutants.
To understand how the ⌬glnD-sm2 mutation might affect bacterial physiology, the behavior of Rm1021⌬glnD-sm2 and other mutants with lesions in potential nitrogen stress response-related GlnD has several distinct domains including a nucleotidyltransferase (NTP-Xfer) domain that is likely to be involved in uridinylylation, a domain characteristic of GlnD proteins (GlnD), a metaldependent phosphohydrolase domain (HD) that may be involved in deuridinylylation, a domain with similarity to IMP dehydrogenase (IMPDH), and four C-terminal ACT domains (ACT). ACT domains are modular regulatory motifs linked to a wide range of metabolic enzymes that sense amino acids (17) . The positions of the transposon insertions in TcW1 and I12-B50 are shown, as is the region (light gray bar) present in the Rm1021⌬glnD-sm2 mutant. genes was examined. Mutants with defects in nitrogen stress response regulation are often unable to grow on nitrogencontaining compounds because they fail to induce the catabolic enzymes needed to mobilize nitrogen. S. meliloti Rm1021 ntrC::Tn5 and rpoN mutants were reported to grow well on several amino acids but poorly on low nitrate (19, 20) . The growth of Rm2011 glnB mutants on various nitrogen sources was not examined (11) . To determine whether the mutants we had isolated were affected in their ability to use potential nitrogen sources, we tested the growth of Rm1021⌬glnD-sm2, Rm1021⌬glnB, Rm1021⌬rpoN, and Rm1021 ntrC::Tn5 mutants using various nitrogen-containing compounds as their sole nitrogen source, with either mannitol or succinate as a carbon source. The compounds included each of the amino acids, nitrate, ammonium, GABA, citrulline, taurine, glucosamine, and adenosine. The potential nitrogen sources were added at 0.2 g/l, and growth was monitored using a microplate reader (Fig.  S2) . The Rm1021⌬glnD-sm2 and Rm1021ntrC::Tn5 mutants grew significantly slower than Rm1021 on adenosine, alanine, citrulline, GABA, glutamate, glycine, glucosamine, histidine, proline, serine, and taurine, whereas the Rm1021⌬glnB and Rm1021⌬rpoN mutants grew well on each of these (Table S2 ). The pattern of growth inhibition in the TcW1 and I12-B50 glnD::Tn5 mutants resembled that of Rm1021⌬glnD-sm2, but TcW1 grew better on some substrates than Rm1021⌬glnD-sm2, and I12-B50 was even less inhibited. DNA sequences upstream of genes that are probably involved in catabolizing glycine, alanine, and proline, which were not used well by the Rm1021⌬glnD-sm2 mutant, contained a consensus sequence (5Ј-TCMRGCAAAK-3Ј). This sequence was subsequently found upstream of genes likely to be involved in catabolizing adenosine, citrulline, glucosamine, and taurine and led to the inclusion of these compounds in our tests. As indicated above, the Rm1021⌬glnD-sm2 mutant grew poorly on these compounds, suggesting that the consensus sequence was involved in regulating their catabolism.
The literature for S. meliloti glnB and ntrC mutants suggests that, although S. meliloti has a nitrogen stress response, it affects the expression of only a few enzymes, like the AmtB ammonium transporter, nitrate reductase, and GSII (11, 19, 21) . In contrast, our results show that some catabolic pathways were strongly controlled by GlnD but not by GlnB. The differences between the ntrC and rpoN mutants were especially interesting given that rpoN encodes a sigma factor thought to activate transcription of ntrC-dependent genes (20) . As expected because the expression of the DctA dicarboxylate transporter requires the DctB/D two-component regulatory system and RpoN (20) , the Rm1021⌬rpoN mutant was unable to grow on succinate as a carbon source.
GS Activity. As a key enzyme in ammonium assimilation, GS activity is often used as an indicator of cellular nitrogen status. In the rhizobia, it is sometimes possible to distinguish three GS-related activities: GSII is heat labile, and unadenylylated GSI but not adenylylated GSI is resistant to high Mg concentrations (22) . Almost all of the low level of activity measured in Rm1021⌬glnD-sm2 was heat labile, suggesting that it was GSII. However, in controls using Rm1021 mutants that should only produce GSI (23), some GS activity was heat sensitive, making it difficult to distinguish these GSI and GSII activities.
We measured total GS activity in various mutants grown on ammonium or glutamate as a nitrogen source (Table 2) . GS activity in Rm1021 was higher in glutamate medium than when ammonium was available (22) . GS activity was near background in the Rm1021⌬glnD-sm2 mutant, independent of the medium used. S. meliloti Rm1021 has more than one GS (23) , and these results indicate a lack of both GSI and GSII activities in Rm1021⌬glnD-sm2. A low level of constitutive GS activity was seen in Rm1021ntrC::Tn5 and Rm1021⌬rpoN, and a high level of partially inducible activity was seen in Rm1021⌬glnB.
Characterization of GS Isozymes in Mutant Cells. Using antibodies to GSI and GSII, the pattern of expression of GS isozymes as a function of strain and growth medium was examined (Fig. 5) . GSII expression in Rm1021 followed the pattern expected for a nitrogen regulated protein-it was high in cells grown on glutamate, a poor nitrogen source, lower in glutamine-grown cells, and absent in ammonium-grown cells. GSII was not detected in the Rm1021⌬glnD-sm2 mutant in any of the three media and was highly expressed on the Rm1021⌬glnB mutant on all three media. The pattern of GSI expression was more complicated, as expected from previous analysis that showed that the rhizobial GSI is at least partially constitutive (22) . The mobility of the immunostaining bands in S. meliloti is lower than would be expected from its molecular weight, but the S. meliloti GlnA expressed in an Escherichia coli glnA mutant has the same mobility (Fig. S3) . GSI was expressed in Rm1021 on all three media, but the degree of posttranslational modification increased as the quality of the nitrogen source increased, as indicated by the stronger signal in the upper band. GSI was expressed in Rm1021⌬glnD-sm2 cells grown on glutamate or glutamine, but the majority of the protein was modified. No GSI protein was detected in cells grown on ammonium. In Rm1021⌬glnD-sm2, it seems that nitrogen stress responseregulated proteins were regulated as if the cells had sufficient nitrogen under all conditions. A possible explanation for these results is that the GlnD activity in the Rm1021⌬glnD-sm2 mutant cannot transfer UMP to either PII protein, and that a UMP-modified PII protein, like GlnB-UMP or GlnK-UMP, is needed to activate nitrogen stress response activities (Fig. 1 ). Rm1021⌬glnD-sm2 would then behave as though it had sufficient nitrogen and would not induce nitrogen assimilatory activities. In the Rm1021⌬glnB mutant, GlnK-UMP might induce nitrogen stress response activities leading to a high level of GS expression and catabolism of various nitrogen sources, but in a way that differs from GlnB-UMP. Regulatory cross-talk between different PII proteins has been shown in other bacteria (24, 25). The rpoN mutant results are more difficult to explain but suggest that an alternate sigma factor can induce catabolic activities. Rm1021 has only one rpoN homologue, although a small protein (SMa0824) with 26 of 32 aa at the N terminus identical to the DNA-binding domain of S. meliloti rpoN is predicted to be immediately upstream of the nitrogenase genes (26) .
Free-Living and Symbiotic Phenotype of Rm2011⌬glnB. In isolating Rm1021⌬glnB, we saw that potential ⌬glnB deletion mutants formed much smaller colonies on yeast mannitol broth (YMB)-sucrose plates than Rm1021, and we later confirmed that Rm1021⌬glnB grew more slowly on YMB broth (Table S2 ). In contrast to this difference between Rm1021 and Rm1021⌬glnB, the isogenic pair of strains derived from Rm2011, GMI708 and GMI3107, grew at the same rate on YMB or on minimal media with glutamine as sole nitrogen source. However, both GMI3107 and its parent, GMI708, grew slower than Rm1021 on YMB media. Under our growth conditions, alfalfa inoculated with GMI3107 had a relatively normal phenotype, similar to the plants infected by Rm1021⌬glnB (Fig. 3) . Rm1021⌬glnB and GMI3107 also differed in the expression and modification of GSI and GSII, as can be seen by comparing Fig. 5 with the corresponding data for GMI708 and GMI3107 contained in Fig. S4 .
S. meliloti GMI708 is a Rif R derivative of strain Rm2011 (Table  S3 ). Rm2011 and Rm1021 were independently selected more than 20 years ago as streptomycin-resistant derivatives of the natural isolate S. meliloti SU47 (27, 28) . Despite their parentage, the strains induce different patterns in the calcium spiking response of Medicago sativa root hairs (29) . Using a proteomic approach, Dvordjevic et al. (30) showed that, unlike Rm2011, Rm1021 constitutively expresses the PhoD protein. Whole-genome Rm1021 microarrays (31) confirmed that some genes that were induced by phosphate starvation in Rm2011 were expressed under phosphate-sufficient conditions in Rm1021. This suggests that Rm1021 and Rm2011 have diverged, accumulating genetic differences that may also include differences in their nitrogen stress response-related regulation. Comparison of data in Fig. 5 and Fig. S4 supports the idea that their GS regulation is different, especially in the ⌬glnB mutants of these strains.
Amino Acid Metabolism and the Symbiosis. Various lines of evidence indicate that symbiotic rhizobia repress their high-affinity AmtB ammonium uptake transporter and downregulate GS to downregulate ammonium assimilation (10) . Forced expression of AmtB, which is normally controlled by the nitrogen stress response, leads to an ineffective symbiosis, probably because NH 4 cannot be released normally to the plant (32) . Other examples have also been published in which inappropriate expression of a protein related to nitrogen metabolism leads to an ineffective symbiosis (33) .
Several years ago we proposed that amino acids might be involved in bacteroid nutrition (34, 35) . Amino acid catabolism is complex and, with the exception of a Fix Ϫ mutant defective in the AAT-A aspartate aminotransferase (36) , single nonauxotrophic S. meliloti mutations that affect core amino acid metabolism do not block effectiveness in alfalfa (37), although they can inhibit development in other symbioses (38) . In some models based on the idea that amino acid metabolism might be important (35) , the amino acid flux was proposed to be cyclic and to resemble a malate-aspartate shuttle, which transfers reductant from the cytoplasm into organelles like mitochondria and chloroplasts by transporting amino and organic acids between compartments. These models suggested a role for amino acid transport in symbiosis.
Recently, a Rhizobium leguminosarum mutant unable to grow on glutamate and lacking two ABC amino acid transporters, aap and bra, was shown to be Nif ϩ Eff Ϫ (39). In models based on this, 5, 6 ), or ammonium (lanes 7, 8, 9) as sole nitrogen source. In A, the upper band in Rm1021 was appearing under conditions in which a modified GSI protein was expected; the lower band had the mobility of S. meliloti GSI expressed in E. coli (Fig. S4 ). it was proposed that bacteroids take up glutamate or some other amino compound and that, after transamination of pyruvate or oxaloacetate, alanine or aspartate are exported from bacteroids via one or both of the amino acid transporters (39) (40) (41) .
What Might a Nif ؉ Eff ؊ Phenotype Mean? The symbiotic phenotype of the Rm1021⌬glnD-sm2 and TcW1 mutants was unusual but not unprecedented (18, 39) . Both were clearly fixing N 2 , as indicated by both acetylene reduction and 15 N 2 incorporation assays, but the resulting ammonium did not support normal plant growth. The physiology of Nif ϩ Eff Ϫ nodules was probably like that of normal nodules because their high nitrogenase activity implies that bacterial respiration was sufficient to create the microaerobic environment needed for nitrogenase stability. However, the symbiotic nutrient exchange did not seem to be transferring useful nitrogen to the plant.
The 15 N time course experiment (Fig. 4) showed that fixed nitrogen was leaving the plant. We suggest that this nitrogen was in compounds that the plant does not have the ability to metabolize and that, after transient localization in the shoots, these were released as root exudates. A model for this type of metabolism could be the production of rhizopines, like 3-Omethyl-scyllo-inosamine, by some strains of S. meliloti (42) or opines, like octopine or nopaline, by Agrobacterium tumefaciens transformed plant gall tissue (43) . In the latter case, the nitrogen-rich compounds are released from the plant and catabolized by bacteria at the gall surface.
What role might a similarly restricted metabolite play in symbiotic nitrogen fixation? In the nutrient exchange between rhizobia and legumes, the plant seems to control the interaction because adding nitrogen compounds inhibits formation of new nodules and nitrogen fixation in established nodules (10) . Legumes respond to treatments that interrupt bacterial nitrogen fixation, like adding argon or acetylene, by decreasing the gas permeability of nodules, behavior that has been interpreted as a sanction imposed on nonperforming bacteria (44) . We suggest that the Nif ϩ Eff Ϫ phenotype results from S. meliloti sanctioning the host legume. In Rm1021⌬glnD-sm2, nitrogen fixation does not require the activation by the nitrogen stress response, but the nitrogen stress response circuit might be used to monitor whether the symbiosis was operating satisfactorily. If a symbiotic bacterium did not sense that the plant was contributing adequately to the symbiosis, it might signal this to the plant by withholding fixed nitrogen. An obvious way to withhold fixed nitrogen is to stop nitrogen fixation, but this might have at least one complication. Nitrogenase is sensitive to oxygen, and maintaining microaerobic conditions in the nodules requires N 2 fixation to act as a respiratory sink. If the bacteria stopped nitrogen fixation and the oxygen concentration increased too much, it could be difficult to restart nitrogen fixation. Channeling fixed nitrogen to a compound the plant could not metabolize might act as an ''idling mechanism,'' allowing N 2 fixation to continue while signaling to the plant that the bacteria would not provide fixed nitrogen until conditions changed. If the idling mechanism operated for a long time, this might lead to release of the nitrogen from the bacteria and from the roots, which would also have the effect of feeding potential siblings in the rhizosphere. The Fix ϩ Eff Ϫ symbiosis formed by a glnD mutant may be providing an opportunity to examine a metabolic option that is normally hidden by the coordinated behavior of the two symbionts. One key to understanding this phenotype seems to be to identify the form of the nitrogen that leaves the plant and understand its metabolism.
Materials and Methods
Bacterial Strains, Plasmids, and media. The bacterial strains and plasmids used are listed in Table S3 . S. meliloti strains were grown at 30°C on Luria-Bertani medium (45), on minimal medium (MM-NH 4 ϩ ), or on YMB medium (22) . MLG medium containing Min-salt solution, 0.2% sodium lactate as carbon source, and 0.02% monosodium glutamate as nitrogen source was used for TTC medium. E. coli strains were grown at 37°C on Luria-Bertani medium. Antibiotics for S. meliloti were added at 200 g/ml (streptomycin), 200 g/ml (neomycin), or 10 g/ml (tetracycline). For E. coli, antibiotics were added at 10 g/ml (tetracycline) or 40 g/ml (kanamycin). TTC was added at 30 mg/L.
Genetic Techniques. DNA manipulations were carried out according to standard procedures (45) . S. meliloti Rm1021 was mutagenized with Tn5 using suicide plasmid pSUP5011 (46) . After overnight mating of Rm1021 with E. coli S17-1 (pSUP5011), transposon insertion mutants were selected on MM-NH4 neomycin medium. Transposon insertions were located using an arbitrary PCR (14) to determine DNA sequences adjacent to the Tn5. Deletion mutants were constructed using an insertion/excision strategy (47) . Deletion of the entire glnB (SMc00947) and glnD (SMc01124) gene, as well as a 210-bp deletion of glnD gene (Fig. S1) , was done by PCR using primers listed in Table S4 to amplify 0.2 kb and 0.3 kb DNA fragments flanking the regions to be deleted.
Growth Measurements. To evaluate growth on various carbon substrates, S. meliloti strains were first grown for 48 h in MM-NH4 medium at 30°C to late log phase. Cells were washed with Min-salt solution and resuspended in the same volume of Min-salt solution. Cell suspension (2 l) was added to 200 l of media containing the potential nitrogen sources added at 0.2 g/l. Growth rates at 30°C were monitored with a 96-well SPECTRAmax 250 Microplate Spectrophotometer System (Molecular Devices) by measuring the absorbance at 600 nm every 30 min for 48 h. Total GS activity was measured from cells grown on minimal mannitol medium (MM) containing a good N source (0.5% NH4Cl) or a poor one (0.04% sodium glutamate) using the incorporation of hydroxylamine into ␥-glutamylhydroxamate (22) .
Plant Tests. Alfalfa tests were performed as described previously using Medicago sativa cv. Champ (14) . Three to five weeks after inoculation, plants were harvested and examined for root nodule formation, root nodule acetylene and 15 N2 reduction, and shoot dry mass. Individual points represent data from at least three boxes containing six plants per box (14) ; data were from representative experiments, whereby each experiment was done two or more times.
15 N2 Reduction. Plants were grown for three (Fig. 4) or four (Fig. 3) weeks, removed from the growth boxes, and the roots were washed. Plants were layered between damp paper, placed together in a 500-ml bottle to which a 10% volume of 15 N2 (98 atom%, Aldrich) was added and incubated for 2 h. For  Fig. 3 , the nodules were collected immediately and dried. For Fig. 4 , plants were grown for 0, 2, 5.5, or 24 h in air, then the plants were separated into nodule, root, and shoot fractions and dried. Samples were ground to a fine powder, and Ϸ1 mg of material was placed in a tin capsule and combusted in a Costech ECS 4010 elemental analyzer. The resulting N2 gas was injected into a Micromass Isoprime isotope ratio mass spectrometer to determine 15 Western Blot. Crude extracts were prepared from cultures grown for 24 h on MM containing a good (0.5% NH4 ϩ ), intermediate (0.04% glutamine), or poor (0.04% glutamate) nitrogen source. Cells were harvested by centrifugation at 10,000 ϫ g for 15 min, washed, then resuspended in 1/100 of the original culture volume of 10 mM Tris-Cl. The cells were sonicated, and unbroken cells were removed by centrifugation (5,000 ϫ g for 15 min at 4°C) and discarded. Supernatants were used as crude extracts for Western immunoblotting. Protein concentrations were determined using a modified Bradford assay (BioRad). Total protein (Ϸ50 g) was separated on 10% SDS-PAGE gels (Invitrogen), transferred to nitrocellulose, and the separated proteins were visualized immunologically using chemiluminescent substrates (48) and Rhodospirillum rubrum anti-GSI (49, 50) and Sinorhizobium meliloti anti-GSII (51) antisera. S3 . GSI mobility in E. coli and S. meliloti Rm1021. Two criteria were used to demonstrate that the bands visualized using the GS antisera from R. rubrum were likely to correspond to forms of GSI. In the first, the Rm1021 glnA ORF was cloned into plasmid pCPP30 downstream of the lacZ promoter. To do this, S. meliloti DNA was amplified by PCR using primers glnA-F and glnA-R, which contain XbaI and BamHI restriction sites, respectively (Table S4 ). The PCR fragments were digested with BamHI and XbaI restriction enzymes and cloned into BamHI-XbaI digested pCPP30, resulting in plasmid pCPPglnA, which contains glnA oriented so that it will be expressed from the lacZ promoter (Table S3 ). Lane 1 shows the band found in the E. coli glnA::Tn5 mutant MX727 (1), which contains a truncated version of E. coli GS that is cross-reactive with the antisera. Lanes 2 and 3 are MX727 (pCPPglnA) grown on glutamine and ammonium, respectively.
Supporting Information
A new band appears that has the mobility of the GSI reactive band in Rm1021 (lane 4). This band was not seen in two Rm1021 glnA mutants that were constructed by transducing the glnA::Tn5 mutation in strain 1-20 (2) into Rm1021, an observation that is also consistent with the assignment of this band to GSI (lanes 5 and 6). S4 . GSI and GSII in Rm2011 derivatives GMI708 and GMI3107. GSI (A) and GSII (B) were visualized in GMI708 (Rm2011) (lanes 1, 3, and 5 ) and GMI3107 (Rm2011⌬glnB) (lanes 2, 4, and 6) for cells grown in media that contained glutamate (lanes 1 and 2), glutamine (lanes 3 and 4) , or ammonium (lanes 5 and 6) as sole nitrogen source. In A, the upper band in Rm1021 was appearing under conditions in which a modified GSI protein was expected; the lower band had the mobility of S. meliloti GSI expressed in E. coli (Fig. S3) . 5Ј-CATGAATTCTCTCGGCGACAATTTCAGCC-3Ј  ntrA -R1  5Ј-CATGGATCCGCTGGTGTGAAACTCCCGTC-3Ј  ntrA -F2  5Ј-CATGGATCCGCGCTGCCGGCAGGCCGCAA-3Ј  ntrA -R2 5Ј-CATGAATTCTACCGGATACACGCACACTC-3Ј glnB glnB-F1 5Ј-CATGAATTCGACGGAAAGCGACGTGACTA-3Ј glnB-R1 5Ј-CATGGATCCGCTTAATGATCGCTTCGATC-3Ј glnB-F2 5Ј-CATGGATCCAGAAGTGATCCGCATCCGTA-3Ј glnB-R2 5Ј-CATGAATTCGGATCGGGCATCAGCACCAT-3Ј glnD glnD-F1 5Ј-CATGAATTCCCGCAAGAATCCGGCGAGCC-3Ј glnD-R1 5Ј-CATGGATCCGAAGTGCCGAGGGGCGTCCT-3Ј glnD-F2 5Ј-CATGGATCCGTCTGGTCAAGAAATTCGCT-3Ј glnD-R2 5Ј-CATGAATTCTGGCGATCGTCAGCAGAAGA-3Ј glnD-sm2 210 bp 5Ј deletion glnD-F1 5Ј-CATGAATTCCCGCAAGAATCCGGCGAGCC-3Ј glnD-smR1 5Ј-CATGGATCCCATGAAGTGCCGAGGGGCGTCCTGT-3Ј glnDsm2F2 5Ј-CATGGGATCCCGCATCTCCTGGCTTCAGG-3Ј glnDsm2R2 5Ј-CATGAATTCGATCGCCGGCTCCGCCCAGA-3Ј
